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ABSTRACT: With a special system of measuring electrodes the
authors investigate hydrogen adsorption on platinum electrodes.
Comparisons using direct and allternating :currents, high and I

1- low voltages, and various ranges are both described and
charted for atomic-and molecular hydrogen with the almost
always linear proportions of the functions provided.

20 Cover PaDi Sniirce
INTRODUCTION

Tests on smooth platinum electrodes in 8n-H SO
4
with H

2
rinsing are dis- /,

ribed. In order to be able to compare successiv ly determined measuring values

25 with each other, it has proven to be necessary to activate the electrodes b.h

odic current impulses between every measurement. This treatment makes it pos-

Lible to obtain a high activity surface condition on the platinum which can be

30 uniformly reproduced. Without these measurements there are generally at first

mperal changes in the activity which only lead to a uniformly constant final

position of rather low activity after a rather long period of time, but which

is only conditionally reproducible. The frequency and potential dependency of
35

She alternating current resistance of the activated platinum electrodes can be

discribed quantitatively to a large extent in all of the over voltage ranges

investigated, with consideration given only to the adsorption of the H atoms,

4 he diffusion of the H2 molecules and the discharge of the H
+

ions..

. Test Methodology 

45 - Figure 1 diagrams the alternating current and the direct current circuit

f themeasurement apparatus. The variab e frequency alternating current, pro-

duced with a RC Generator from the Rohde and Schwarz Company, is divided into two

parallel branches one of which contains the test cell (between E and G)'andnthe

50 kNumbers in the margin indicate pagination in the foreign text.,._
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othe a measurement resistance (between D and G) adjustable from O.10 to llk2.

The measurement of the absolute amoufn-t C/rRI/ oftlthe electrode impedance takes place

5 in such a way that first the alternating olatage UFG between the pick-up and the

grounded test electrodes was given\oQn- a highrjojhm, (initial resistance 1MI2) alter-

nating current tube volt meter of the Philips Company and adjusted by varying

the initial generator voltage at 5mV. Then, without changing the initial voltage

0f the generator, the same alternating voltage was picked up with a variable

measurement (DG) through which the same alternating flows as through the test

c6ell, because of the uniformity of the very great barrier resistance (A-B and

15 A-C)land capacitors (B-D and C-E) of the relative magnitude and phase relation-

ship. The value of the measurement resistance adjusted in this way was then

equal to the absolute amount of impedance, which could be exactly determined at

20 ibout 2% in this way. Cover Pa e Source

If~ I''. 'lVa;easurementl
, , , ... I_ _1.', - Resistance -

-_Potential Barrie aii I JRe Generator| . " I

D+] ., electrode

_Curle-fft-Counter rlctrodei Tst ctrd
P&tentiai Barrierlt I' 

_,~] 1 { ' - ,11'~ l, _ " Comparison Electrode '

, Cic i Phegure|i
l r ircuit.Diagram of-the Measuremfnent Arrang'inmeit

- '-. - J ; '.F~~~~~~~~~~~~

Determination of the phase

angle ' of the direct current 

resistance was achieved by usir

__[ homemade -measuring appa- __

ratus [1]. In it, according tc

a principle originating with

Opitz I2,3], two out of phase

alternating voltages of the

same magnitude are increased

independently of each other and

of the phase about 200 times at

the test electrode and at the

measurement resistance. and the

g

n~0 J ... .......... 1-. I.. L 1L.

turned into square waves of.a constant magnitude.\ Producing the square waves, |

:-ich occurs with the-Opitz process quite simply-with heavy overloading of:suit-

a- ble triodes, is achieved here by means of two amplitude discr-mnhatorsl according

45 to the "Schmitt-Trigger" circuit [4]. ThL use of this so called flip-flop cir-

[Clit has the advantage on the one hand that with two potentiometers the square

wavesl corresponding to the two alternating voltages can always be adjusted

5
0

exactly to the same lengt-h -and-,-on the Fotther hand, The impulses have a very good

transition lengtht(lO sec). The two square waves, which ·are mutually out of..-
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phase by the same angle o as their pertinent alternating voltages, are now

superimposed upon one another with ath-e ca'id o;frla backlash circuit consisting off

5 germanium diodes in such a way that a constant direct current is produced only
I

Luring the time that they do not Cov,~errlap. e Thusl ethe mean value in time of the

rectified current denoted by a galvanometer is proportional to the phase dis-

placement p which confirms the assembly calibrationJ undertaken repeatedly with
10 L help o ...

the help of RC members with suitable dimensions. Before the measurements-the

same alternating voltage was always applied to the two imputs of the phase meter

and the phase displacement 0 current indicated by the apparatus was always set

~i5 at a minimum by means of the two mentioned potentiometers in order to guaranteel

the specified uniformity of the two squar waves. In addition the exact cor-

respondence of reading of the 900 phase d isplacement with the. calibration was

20 hecked repeatedly with the help,ofstatic capacitors with avery small loss angleJ

which could be connected to the alternating current circuit as objects of measure-
Lment instead of the test cell. In this way the phase displacement ~ could be

exactly determined in the frequency range 30 Hz to 20kHz with uniform sensitivity

over-the -angel- spread-form-0-to-90°_within 4_l__ 4" /38

The way of producing the direct current pre-polarization was different j

30epending upon whether the tests were carried out with negative or positive over-
Toad. The direct current circuit shown in Figure 1, which was separated from

the adequatly large choke coil Dr from the alternating current circuit, was used

in the research'4in the area of cathodic overload. A stationary potential was

35 inducedon the electrode by a constant direct current whose magnitude could be

regulated by an adjustable potential barrier. In order to eliminate the depolar

izing effect of the anodically developed oxygen on the test electrode, the direct

40 current was conducted through the counterelectrode H, found in another part of

the vessel. However, this method of producing the direct current polarization

could not be used in the region of the H2 | diffusion limiting current, since the
Ipotential here is subject to large punctuations with a strong current, as is well

known. Therefore the direct current pre-polarization was set up in the positive

erload area indthe tests by means of a low resistance potentiometer circuit

to force the potential constantly upon theelectrode instead of the current. In

50 oder to avoid a noticable voltage drop, the platinum plated platinum cylinder

E rL 3
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conveying the alternating current, set fol 0 potential with the H2 rinsing ap-

p.lied, was used here as a counterel-ectrodle.Ti .Measurement of the limiting current

5 tok place by determining the voltage drop at the choke coil, which in this case

as- connected from the platifium cylinder. _ IleL- In the test vessel [5] was found the grounded test electrode in a field

10 ylindrically s ymetra'lwi.th respect to the alternating current. In order to

keep edge disturbances in the field as small as posibilel, a glass bead was sold-
L I
ered at one end of the electrode and on the other side the electrolyte was added

to exactly the h6ight of the electrode. IThe electrolyte resistance between the
15

test electrode and the platinum plated piIck-up load submerged in the vicinity,

- ,including the conductor resistances present, was determined at very high fre- 

quencies(150-300 KHz) by measuring the absolute amount of the alternating cur-
20' Cove.r P'le So'rcprent resistance, which becomes practicarly' inaep'endent of frequency here. In the

Lmeasurement discribed below the electrolyte resistance determined in this way
was always deducted from the resistance component of the alternating current

25 resistance in series.

A platinum plated platinum plate, rinsed with molecular hydrogen, was used

87s the test electrode I (cf. Figure 1) to measure the over voltage The part

30 of the vessel containing the comparison lectrode was connected with the part

[ontaining the test electrode through a capillary ending in its vacinity.

The entire vessel was sealed against outer air by a simple construction in

valves'as well as by an overflow reservijr.

Theoretical Considerations

40 0 First the frequency and potential de pendence of both components of the

alternating current resistance is derived for the entire over voltage area under

study. If the small perodic changes in t'he different magnitudes caused by the

4 inusoidal alternating current are designated by A, and if the effect of molecular

hydrogen adsorbed on the electrode surface is also considered, the following

· _NASA
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I
edge condition will exist on the electrode surface (at a distance x = 0)1:

L-P r -2 drd- - ~-_ 2_p_-- d I,-2D P. )"

The well known diffusion equation is valid for the molecular hydroen
L over Pae itle

e electrolyte in the immediate vacinity.l

- I .a;,~, ,ol.

H Surface~~ Iconcentrationoof~~ theadsr2CH Surface concentrationoof the adsorbed atomic hydrogen in g eq-cm

n Q__ _ _ _ ------ ]- AA- _ __ _ 1 __ _.__*_a 2

H2

burrace concentration of the adsort ed molecular hydrogen in Mol/cm

(1)

in

(2)

Volume concentration of thejmoleeullar 5hydrogen in Mol/cm
3

D- Diffusion coefficient of the

cm'/sec

F Farday Constant in Coul/Mol

molecilar hydrogen in the electrolyte in

. .( 4'" I_

-F(n, CH) Faraday current which depends explicitly upon n and CH

- A very large part of the test result

an be very well discribed quantitatively

experiments referring to the frequency ar

Yverload area, if the following simplific

s on active smooth platinum electrodes

, as can be seen individually in the

d potential dependency in the entire

ations are accepted:

a) The H2 combining equilibrium is standardized

-aH - 7 ' (3a

- It is simply presumed in equation (1)) that the absorption of the H atoms and

H
2
molecules in respect to the currents causing them is displaced exactly 90°

in phase. NA1A
rum ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - -
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b) The equilibrium is standardized bletween the molecular hydrogen on the

electrode and in the electrolyte P Title
Beo Page On Title 

CHi

Below we presume that (d H )/dcH k = constant, especially if the heat

.f adsorption of the molecular hydorgen is relatively small2.

- With assumption a) equation (1) first transformed into

_ ddcHA 'd)It CH P ( d 7 Cx 

If we with Grahame[7]:

- lip ad A + a ,CI

Yonsideration of assumption b) according to the usual methods [7,8] c

Lng the alternating current resistance\R gives us:

_.. = _ d ... . ..

30 

- =U Circuit frequency

,j = . - -

3b]

(4)

(5)

of calculat- /39

rl doIp I

of th, alteran c r e.

of the alternating current

If the discharge equilibrium is star

which may be presumed in our tests, equal

s.ideration of equation (5) and the Nernsl

(6)

idardized (n = nk ) in the direct flux,

ion (6)1 can be transformed, with con-

equation form molecular hydrogen, into

+ - -': de''d 2P --

*- . '....P1+. 2k ) : : .+. 
_ - ..

2 See [6]; in agreement concerning the-heat of adsorption of a H2 moleculeat

-about 0.1 cV and 2 H atoms at 4.55 cVNAA _ .~~~~~~~~~
L6_
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With the designations i
Page _ .(_. (8)

_|C- -F( +2>2 d);-- --i 7 - - - 9

10 quation (7) is finally written as

2 F' 'cH I( 
_Jo.C,+ R T (1+. ., - (10

15 - A circuit diagram equi.alent to equation (10)- for.R is diagramed in Figure 2

C-2, corresponding here to the assumption [6] introduced with equation ¶1), is

understood here as a loss free adsorption capacity. If equation (10) is cal-

20 -ulated in parallel, considerationojf the double layer capacity CD lying paral-
20 v rd'e Suuite Y

'lel to R leads to: ---

25 c,- Co,+ (2 I gi- (11C

30 - . _ =-

_ F smal+l , +qn the+ arWarurg [9,10]

_F·" ,, ;~, - o | .formu'lae are derived from equations (10,11,121

-5 , h- sideration:

Figure 2. Equivalent .,( CD. +.. )+ (13)

40o Circuit Diagram for RT 
According to Equation (10). ! 2F'.c, 2 (14)

45 L If Cp is ploted against (1)/yw the slop of the straight line part of the
curve for small frequencies is ptop ionato c . The value of [9,10+ CD is

found according to equation (13) from ,theordinate section of the straight part

of the C - (l)/Vcurve obtained by er olating to the frequency < infinity.

3" side t on:

40 Circuit Diagram for R l_ Rr

Even Roman O7d
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-If c
H

is practically equal to 0, whlich is the case when active platinum

lectrode in the potential range n > +50 MV, we simply read expressions
rWaye -vanI -T Ir -R emU

-1,12) in ihe following way:

CDeD+ CB
_S I z CD + A d \ | (15)

10 Z1 _+ w' -X' (16

These formulae have already been derived with special assumptions by Dolin

15 and Ershler [11] for the positive over voltage area. .

3. Tests on Active Platinum Electrodes

20f We shall first discuss the measurem' tacof-ctrhe alternating current resistance

smooth, active platinum electrodes with positive over voltage (ni>? ). The

electrode was constantly rinsed with moleculau hydrogen and the corresponding

over voltage instituted by applying a definate voltage across the total cell in

the-manne.r-des.crib.ed-i-n sec.t-i-on-l. _Eigure_3_gvese p.lotof th-ecapacity C 

calculated for the parallel circuit and Fibure 3b gives the plot of the resistance

conductivity (l)/R of the pertinent platinum electrode with a geometrical

surface.of 0.069cm2 ' for various frequencies against the potential. The C -- n

curves, particularlywith frequencies v ~ 1.7 kHz, show a characteristic slope /40

with two clearly marked maxama at n ='+lOOmV and +200 mV in a medium frequency

35 n ge, as do the (1)/Rp - n curves. Similar results were obtained earlier by

DNlan and Ershler [11] (although the maximum. n =+200mV) and by Eucken and.Weblus

[12,13]. Along with the impedance measurements mentioned, the pertinent voltage

40 was likewise determined in all cases (4).1 This, as always, constantly showed an

anodic limiting current on active platinum electrodes which amounted in the

present case from n = +50mV to 730 (iA)/cn2 and was at least mainly determined

5 y the stream of molecular hydrogen to the electrode [14].

NA A
50
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6

.- i XD ;4 The increase in the curves

3-'ht ' n . Titlh of C -n and (1)/R - n, es-

_J( "D L^M~J :+ n Tile. pecially for frequences v=

WI . ,, , '-a e Title 550Hz, with a dropping over
. ae Title

voltage in the potential range

<-- n < +50mV has already been

*-$ . explained by Dolan and Ersher

_l'- Dab---, , ,.as well as by Eucken and Weblus

_;II' · Yp ~ has caused by the influence of

molecular hydrogen on the al-

R .... ternating current resistance.

_ P iW A The voltage curve in Figure 4

e Source also shows that the concentrate

-5 O 260 H2 a! tion of the molecular hydrogen

-R , ~SHzt\/ x on the electrode from n = +50mV

continually increases from the

i ___ -3 - _ Ozero value. The part of the

,7 .a . C - P n curve for n.:> +50mV is,

-- in agreement with the explana-

Figure 3. a, Dependence of capacity Q tion of authors mentioned, to

for.various frequencies on overvoltage- be.attributed to the influence

n in the positive area n > O; b, Depend- of the atomic hydrogen a'sorbed
ence of the resistant conductivity (1)

R for various 'frequencies on the over- onto the surface. In the regic
P
voltage n in the potential range n > 0. of the capacity minimum the

effects of;~?the molecular and

atomic hydrogen overlap. As

can be seen from Figure 3a,

the C minimum for small

requencies lies at a potential of about 5OmV and, as is understandable, shifts

.o more negative over voltage levels withi.increasing frequencyy
I-

E· .The frequency dependents of both resistance components measured in the
potential area +400mV Ž n > +50mV' is pre'sented in Figure 5a (Cp against 1/-i'

and 5b ( (1)/R against v). The Cp - 1//' | curves tend for small frequency
in z.(C)/~gint~)
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toward a limiting value which depends up n the potential (Figure 3a) and es-

!entialy corresponds to the pseudo caPayciyTiofi the adsorbed hydrogen. This

5-imiting value becomes constantly smaller from n = +250mV with increasing over

5voltage. When n = +400mV, C (30Hi) is pfi ealllYtonly slightly different from
I p CLover PaeI t e y

&-(10 kHz) [15]. As Voelkl [17,18,19,20] also found, the fact is that at this

potential the hydrogen covering of The surface of the active platinum electrodesl

is practically equal to zero, so that we already find ourselves in the double

layer region. As is known, even in the dpouble layer region the electrode does

not behave as a pure capacitor of capacity C
D
, which is shown by the presence

15ef a small resistant component (1)/RD (Figure 5b). For high frequencies the

(-)/Rp - v curves approach a limiting value which is almost reached at 20kHz and

is still involed in their potential dependence. A frequency dependence of this

t-ype on (1)/R was first noticed ConpsemOoathe pslaut inum electrodes by Dolan and

Ersher [11], who assigned the limiting value to a reciprocal discharge resistance

(-1 )/r.
The experimental Cp values with three

25 ..over voltages (+50niV), +150mV, +250'iV) calcul-IL I =4,-,2T ~~~~~~ - -~

. ' '·, . '': :
......... \.. ,.. ..

:. '. .v-.

I I 
H. Gerischer for a reference to this.

NASA

/41

ated ac ording to equation (15) are compared

in Table 1. Here the experimental value of

73]F/dmj (cf. Figure 3a) was used for C
D

and a

value dletermined according to the formula

I ' 1 ' i. '

" Rp (, 20 kH) R (+ 400mV 20kH) (17
·1 ..(17

was used for r3.
'

The correction made in this

way to (l)/Rp(n,20kHz) comes to a maximum of

about 101% because of the resistance component

of the double layer impedance (at n = +250mV).

Table 1 shows between experiment and theory

a very god agreement which Dolan and Ersher

were not yet able to obtain in therl measure-

ments. ust as with our tests on iridium

: .J0~

30 '

',,
35 -

I.
401

Figure 4. Current
Voltage Curve in the
Area of the Anodic

4i Diffusion Limiting
"Current.

.,We are 'grateful] to Dr.

50
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electrodes, their results did not reach Any limiting value of C for low fre-
L p
quencies. The deviations between the theoretical and experiment values were
F Page On Title
explained by,'Dalan and Ersher with the re stricted surface diffusion of atomic

5 . .... 
1-ydrogen. 4. -.

o ··RRP
... 0_ · / '. .'. I Rpq ,

-0.~o _~-- ; " -t~,,a-'' t..w / .s , .

- , n2R7 >t~.-_@ -- i. v .,...~,,V ,

- ---- - Figure iI

20- Cover Pa e Source
a) Frequency Dependence on C at Var ious Over Voltages in the Potential

.Area +50 mV 6q 6.+ 400hiV.

b) Frequency Dependence on (1)/R at Various Over Voltages in the.

25 _ Potential Area +50 mV qi < + 400mV.1 _
(4")

TABLE 1: COMPARISON OF-THE C VALUES CALCULATED ACCORDING TO EQUATION (15) WITHI

_ _ K. ,; ., ,., . ..

! aa +50OmV +150mV + 250mV

35 (ilz) ! spCu'c 1.ial |- cuae C,.Mearmred .v Pc ... ate .. r

10000 289#F/cma 304/uP/cm' j 280/pF/cm' 2941/F/cm' 183 F/cm' '193#F/cm'
4000 640 F/cm' . 630 F/cim' 6555/F/cm;,' - . 615 F/cm. - 415 pF/cm' 370 1F/cm
1700 835 /F/cm'. . 810/F/cm' 885 aF/cm' .. 870F F/cm' . 580 pF/cm' 506 pF/cm'

550 891/pF/cms 850 #F/cm' 952 AF/cm2 939/uF/cmS 638 pF/cm' 608/ F/cm
40 280 895tFP/cm2 ' 863 pF/cmO 960/uF/cm2 973jF/cm' 642 pF/cm' 639 /F/cm

105 899 /F/cm' 895 #F/cmv 965 AF/cm ". 9611 tF/cm 645 pF/cm3 635' F/cm'
60 899, F/cm 897 1F/cm

.
· 965 pF/cm' .. 954 iF/cm' . 645 F/cm' . 652 F/cm'

30 899.uF/cm3 899 uF/cms 965 pF/cmn 970 /AF/cms 645 1F/cm2 6 46/F/cm1

l;45 _ The corresponding investigation of the frequency dependents of R according
· p

? o equation (16), with the same over voltage valueg, is illustrated in Table 2.

is shows that equation (16) satisfactorily describes the experimental result

50 fbr high frequencies, while considerable ideviations occur for low frequencies.

[ F -r 11
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-lthough the resistance component in this potential range forms only a small

part of the alternating resistance and ther.efore the R values must be accepted
rage On¶ itie p

with significant measurifig errors, the deviations are quite far from thle limit

, ththeadsorption cai
f error. The reason for this is presumed to be that the adsorption capacity, 

,assumed [in the theory of equation (1)' is not completely loss free. We intend

o make a closer investigation of this funding. The potential dependence of
10 I4'

10 l)/Rp, which should be similar to that of Cn according to equation (16) with L742

requencies which are not too high-, demonstrates this behavior only in a central\

frequency range for the same reason.

15TABLE 2: COMPARISON OF THE R VALUES CALCULATED ACCORDING TO EQUATION (16)
_:-7T P I .- ....
WITH THOSE MEASURED AT OVER VOLTAGES OF +50mV,+150 mvland +250mV

, a ' + 50 mV + 150 mV + 250 m
V

Pculatedl R .aMeaSui Itl RpCll'tdl

10000 0,0438 D · cm' 0,0414 n · cm' 0,0421 *. cm' 0,0382 n . cm' 0.0705 D'; cm' 0,067 .· cm!
4000 0,104 n. cm' 0.104 D. cm 0.0938 D D cm' 0,085 .¢cm 0.141 D .cms 0,133 D. cml,
1700 0,428 . cm' 0,372 n .cm' 0.370 D.cm' 0.276 D cm' 0.525 D cmm 0.412D . cm'
550 3.80 2 -cm 2.53 .1*cm' 3,82 .O.cms 2,15 D cm' 4,60 D*cml 2.57 D · cms

2 280 14,8 D cm 6.28 D*.cmg 12.5 .Ocm a 7.50 9.cm' 17.3 * cm* 6.62 n. cms

21. 105 104 ·.-cm2 17,0 D ,cm 89,0 ID.ecm 33,0 D. cmg 123 7.-cms 27,5 D-.cm
60 318 D · cmg 33.8 D cm' 27,3 O·.cm 101 D .cm' 380 n ·cm' 49,5 n *cm
30 1270 D· cm' 48,8 ,· cm 1090 v.cm" 112 D .'cmg 1500 D cm 96,5 1 cms

30_- Before more conclusions about the coating of the electrode with hydrogen

are discussed for the potential dependence of C2, the frequency dependence of

Cp and R in the potential range <0An | +50mV should be discussed. In Figures

Ip I p...
3 5 6a and 6b C and R are presented for geme,.over voltages against 1/vw. For

,.r.ather small frequencies the curves show the characteristic straight line slope,

fbr the H2 molecule diffusion, as is to be expected from equations (13,14).

W40 hile the rise in R - (l)/yw curves constantly increases with an increasing

positive over voltage because of the dropping H2 concentration on the electrode,

he downward slope of the linear part of the C2 1;/ curves drops inversely, 

o almost completely disappear finally for n = +50mV. Extrapolation of the

45 s.traight part of the Cp - (l)/yw curves to a frequency g infinity, in agreement

'th equation (13), leads to the value C + GD as the ordinate section.

NAjA
50
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di Tables 3 -and 4 compare the Cp and

R .values, calculated according to equa-

tions (11,12), with those found experi-

men.tjaly. Here the magnitude ( F2.c )/
Paje Hie i 2

'RP /2D determined form the slope of

Ithe Cp- (1)/v' lines, C2 from the or-

dinate section and R from the (1)/Rp

alue corrected for formula (17) at

20kHz. Table 3 also shows good agree-.

ment between the experimental and lthe

calculated C values4. Somewhat

larger deviations were found (cf. Table

Pa) or-th-e-resistance--componentR .- --Pa(~ Source pi~~~~~~~~~~

· ;/ _ ._ .~/ _ ~ aFrtom the test/)results mentioned so:

; ; ~oO.~~~ar conclusions can be drawn about thel

degree oflcoverage of the electrode

-'equency ofgC 6 at ith-adso: at.omic or_mo.l.e.cular_hydrorJFigure.6' /
gen in the potential range n > 0. The

_ a) Fequency Dep.endence of C at l ] ~?i:.,!- ¥VaridfsdOver olta-es:i.~hl., adsorption capacity C2, determined in

' Potentia Range +50mV. > the potential range n > + 50mV from

b) Frequency Dependence of R at the C value at 30Hz and in the over
P p

Various Over Voltages in the voltage range -10.5mV < rn < +5OmV
Potential Range +50V > n > . I .

from the ordinate section obtained by

,linear extrapolation of the Cp- 1/ )

curves after subtracting the double layer capacity CD, is ploted in Figure 7

/43

against the overvoltage (broken curve). Thus,lin -c-ounterdist-inction-to Figure 3a,-
401

Figure 7 eliminates the effect of the H2 molecule diffusion (cf. also Eucken and

eblus [13]). The fact that C2 drops from +lOOmV as potential drops and tends

practically toward zero at -10.5mV shows that the member referring to the adsorbed

45rolecular hydrogen -2Fk (dcH )/dnk in equation (9), as opposed to the part con-

- ditioned by the atomic adsorBed hydrogen -F (dcH)/dnk on smooth platinum elec-

trodes, can be disregarded [6].
i,- ,_.._iIsbE--------- 

50 r [20] Found no agreement between the
their measurements, and explained the
et eclnrocff mJcermt1 cl[afnlsm .

Even

values produced by Kruger's theory [10] and
devliations as caused by the effect of the I
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Roman

O13
Odd

5 1.Btj

i'

I .,

5 1

,..

I ' "

.. 8

°: !iI (

I!

2C

25

30

35

A-7- ats- ·=z~-he -ni m~,~~i·- l-C

5



TABLE 3: COMPARISON OF THE C VALUES CALGCULATED ACCORDING TO EQUATION (11) WITH

THE VALUES MEASURED AT OVER VOLTAGES +18.15mV.__+8_.mV_andOmV_

+ 18,5 mV + 8,5 mV 0
5 C- ¢* 584 FF/cm 464 FF/cmn 246 FP/cm.

02rW ,(Z 14,95. 10-' D1' cm' sicc' h 1,33. 10- D1i am- g sec'l' 2,31 10-' D- cm-' secc
'
1

(I tr .' 0,0322.cm' 0,0317 0.cm' 0,0317 D.cm'

I (IIZ) I i-culatedl PMdaure, P .culated PMeasure P c-flatedL CpMeassr

10 100Q00 .304 pP/cm' .. 322 pF/cmS . 3001 F/cm ' 280 pF/cm' .,.. .255 /IF/cme 197 ?,F/cm'
400O 570 1,aF/cms .560-uF/cm2- 485/4F/cms 480 pF/cml .365/4F/cm' 351MjlrF/cm
1700 704 p1/cm' 676 pF/cm' 597 pF/cms 610 F/cm . 467.pF/cms. 493 rP/cm

550 '"775$F/cmg 740pF/cms 725 pF/cmg 725 /F/cmg 656pF/cm' 713AF/cm'
1' 105P/cm 118 /c1pF/cm280 815 F/cm' 785 AF/cm s 825 pF/cmg 855 F/cm ° 825F ' . 859.F/ccm9

105 895 pF/cms 891 pF/can 9030j F/cm 1005 pF/cm9 t181 pF/cm90 : .1I .5 ipF/cmn
60 965pF/cm' 969pF/cm 1210lFP/cm'. 1200#F/cm' 1480juF/cm' 'l5SpF/cm'

5 .070 FP/m' .. 1070 ./cm' 1510 gaP/cm' 1510 P/cm' 200_0/cm 2000 pP/cm

TABLE 4: COMPARISON OF THE R VAILUES CAiLCULATED ACCORDING TO EQUATION (12) WITH
-- p
THE VALUES MEASURED AT OVER VOLTAGES +18 5mV, +8.5mV and OmV

i20 R + 18.5 mV + 8,5 mV 0 
2(I) (PI a ald R R Call I R.Ce R'.Call_ - " : "
,I ,(11z ) Pfeasurec .' c~-lated I. Measure t culated R -
~--i R easurec Ried: tMe-e

oo16000 0,0491 D cm' 0,0431 D · cm' 0.0611 1. · cm' 0,0435 D 1cm' 0.0874QD.cm' 0.063 .cm'
,4000 0,130Q-.cm' 0,118. D.cm' 0,160 1Q.cm' 0,120 D1.cm' 0,187 D.cm' 0,131. D.cm'

1700 0,459 D -cm' 0,366 1 · cm' 0,416 1 · cm' 0,292 D · cm' 0,344 D * cm' 0,267 cm'
'550 1,97 n . cm' 1,38 D. cm' 1.07 D.cm' 0,96 -. cm 0,697 Q.-cm' 0.630.Q. cm'

25: 280 3,76 Q.cm' 2,41 1.cm' 1,72 1.-cm' 1,33 2.cm' 1.00 D .cm' 0,972QD.cm'
105 5.90 D.-cm' 4.86 D. cm' 2.85 Dn cm' 2.72 n2.cm' 1.71 2. cm' :j 1,68 D. cm'
60 10;1 D.cm' 6.75 1Dcm' 3.80 D.cm' 3,82 Dn.cm' 2,21 D.cm' 2,26 '2.cm'

.. 30 '145 D cm' 10,3 D · cm' 5,42 D. cmae 5,40 D·cm' 3,16 D-cm' 3,29 D -. cm'

_ . ...

This is because otherwise C2 , at

least after reaching complete atomic\

covering (i.e., (dcH)/dnk X 0) would

!j 355i in : \ .have to increase considerably, since

CH2 and thus -2F.k-' dcH )/dk would

I ·.-d ' · ~'. \ /have to increase considerably as over

.40; , - -.~ . voltage drop 5. If the C2 - n
k
curve

"', m .F,-- according to Eucken and Weblus [12] is
Figure _ 

graphically integrated, we get CH as

45 otential Dependence of the Adsorption a function of k(lid curve in

Capacity C2(----) and of the Degree of Figure 7). Since CH tends to
Coverage O (x = 0 computed from C2dnk;

= 0) from Charging Curves according saturation H max'he degree of

0to Voelkl) . .. A_ ....
5 0 'Such an increase of C in the over voltage range ni:< 0 has actually been observed

n_pl.a.t.inum ;p.l~a.t.e~d_p.l~atinumwith aa decreas-e-l_ n._. I
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eovering 0 = (CH)/dH max was chosen in the ordinate in Figure 7. The integrated
curve was standardized in such a way that the value 1 was assigned to the maximum,

Page unh litle t
d.egree of coverage bending clearly toward the limiting value as early als n = 10.5

_V. If we compare this curve with the one from Voelkl [16] by means of charging
rV~~~ I t~LCover Pa e Title

curves, thus according to the cirve of coverage obtained by a completely inde-

pendent and different method (marked by e points in Figure 7), we reach a very

good agreement. In this way our assumptions about the covering of the electrode

with atomic hydrogen is best confirmed. Figure 8 compares 'the coverage curve

solid diamond 5) found experimentally in this work and also independently in

-1 5the work Voelkl with the coverage curves theoretically computed for the 0

values (0.99, 0.95, 0.90) on the basis Langmuir isotherms according to equation I

-18) 

JI-
20 RT RT 1 - e e,

_sp _. - 0s (18

s is seen, the curves occulated drop much faster with increasing potential then
1

25 does the coverage curve experimentally determined. The marked maxima of the 44

-'nk and 1/R - n k curves (Figure 3b) agree with this finding in such a way

as to show that there are not only one, but a niimbe1,iof types of atomic hydrogen

30 adsorption on active platinum electrodes and that therefore the coverage curve

found experimentally comes into existance through the overlapping of several:'

aiscreteeLangmuir isotherms (cf. also Eucken and Weblus [121). If we assume .

v hot only several (discrete h]eterogeneities, but very'small different kinds of H 

adsorption centers (continuous heterogeneity); to which various Langmuir isotherms I
witch different coefficients apply,t'the result is the Temkin isotherm [21] based

-a definate distribution. This isotherm, from its derived linear 0 -

relationship, represents.a far reaching approach to the experimentall coverage

curve in the potentia7l+-50mV < hi < +300mV, because in it the clear maxima of the

4 - nk curve appears only weakly because of the equalizing effect of integratio.

5 _ Figure 7 shows that with- = +50mV about 80% of the electrode surface is

9till covered with atomic hydrogen, although the surface is practically free of

nolecular hydrogen. The spliting of the [H2 molecules into H atoms also takes

50 place on a far wider surface, uninhibited in comparison with H2 diffusion.

E ro X 5_
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I .With the measurements carried out

1, M......q .. e Oin..the area of negative over voltage,
"/~7le On lte ... . -

511 ~~M I& \ ~~a constant direct current was 'super-

5Ii '· ' .' - r Pa i
°
osedtl instead of fhe potential (cf.

A\41 4 section 1). The representation of the

:0 -s M _ -A -2V>0 -Mt= _._ 4timpedance measurements is applied in

(IJere1 Xi Ad ,-- . series here because of the constantly

Figure 8) - receding effect of C2 + CD. Here we

iComparison of the Expermentally Found first investigated to see how
1 ,overage Curves ( E - e according to
5 JOelkl, A = 0 computed from C2dnk) with

L f 2nk) isotherms for 0 couble layer impedance could makeLangmuir isotherms for 0 = 0.9 (+), Fo
0.95 () and O = 099 (x)itself felt in the most unfavorable

20 E over Pat e SourCca s e
'

i.e-, if the expected drop
the double layer capacity (cf. P. Dolan and B. Ershler [11] is disregarded

w-ith decreasing over voltage. It was shown that the R and (l)/wC differ only

lightly with and without double layer correction. For this reasonlit was super

25 fluous to plot the corrected values in the corresponding figures. In Figure 9

tFhe R and (l)/C2 values, measured at several negative over voltages, are ploted
veR1/cs 2 "

as a function of (1)/x/ .' It is seen thajt, as a consequence of The still con-

30 siderable effect of C2, the imaginary component (l)/wCs at zero potential is

s.till greater than the real component Rs, and therefore the ciirves continue to

bTe somewhat curved. At n = -10.SmV, both resistance components then coinside

In a straight line going through the coordinate origin, from which it can be

dfeduced that C2 here, as a result of the still almost complete coverage of the

surface with H atoms, has become very small, and therefore the H2 diffusion is

almost exclusively decisive/of concentration for the impedance. Finally for

4 [_<_- 10.5mV becdmes(l)/wCs , by an amount dependent upon frequency, so that the /45

two components appear in the shape of two parallel straight lines. If C2 = 0,

then for R2 and (1)/wC2 in agreement with' equation (10):

45

RT i

- +4 ' ti VAgow (19
I RT I 1

50 _ wC, 4F 'H HI
~ ~ ~' C20)

EZr-6- [-
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5

10

1IC

*.g

15' I !-r, ,..a~.. rl.- 0 j-

Rs.

2 0 __________

5 uC O4PRd 2 a71 W

25s a · e X -

A RsCi -4a8mv /?-

30 Figure 9 - .
30_ F ' .Figure 9 |'

RFIrequence Dependency of 'the Resistant
land Capacitive Components of the
-it:ernating Current Resistance in

Series at Several Negative Over.
35 Voltage,Values (® = Resistant Component

R-, x = Capacitive (1)/wC2 )

4

4

5

Similar expressions for the alter- {T

nnating current resistance in diffusion

and discharge obstruction have already

Pabeen given in general for redox systems
Paee itte I

by several authors.[22,23,8]. In Figure

10 all of the !lD)/wC2 - (i)/'-/; straight

lines, measured in the potential range

n 6 - 10.5mV, are compared. According

to equation (20) there slopes are in-

versely proportional to the correspond-

ing H
2
concentration. For the over

voltage range +5OmV > n > - 10.5mV,

the oC ce (l)//J7 curves and C can be
CH

2

calculated from equation (13) from the

drop in the straight portion at low

frequencies. With the help of the

Ner-nst -Et equati-on-the ov-ervo.ltage .._.

values%, which/can be contrasted with

those mealsured directly Ccf. Table 5),

can be gotten for the molecular hydrogen

from the H2 concentrations determined

in the above manner.

The fine agreement between the

zalculated and measured over voltage

at lower current densities confirms the

O the fact that practically only diffusion over voltage takes place in this range.

In counterdistinction to the measured over voltage, the calculated over voltage

ilth greater cathodic current densities. approaches a.limiting Value at about

5 If for this purpose the quotients are found form the inclination of two (1)/.
2 - (1)/ - (l)/Q9'I straight,'lines, the additional coefficient of inclin-

tion (RT)/4F2 (1)/VN~ and (2F2 )/RT N is simplifi d.

.0 IRA' A
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L-70.0mV (cf.Figure' 11). This shows that from a certain cathodic current densityl/,46

the H2 concentration on the electrode surface no longer increases because of
5

-he a, tage OneI itIe
e removallof the hydrogen by blister fo rmation. This demonstrates that the

imiting value of diffusion overCvoltage found earlier on active palladium
i-itig valeodifurCover ra e ritle

-lectrodes [24], also applies to active latinum electrodes.

~10 .1 The difference An = q -nd between
the measured'and calculated over voltage

.likewise shown in Figure 11, turns out |

o be approximately proportional to the

current density. The slope of the An-i.

L traight lines has a value of 0.0725Q'

cm2. If the Ohm resistance of Phe elec-

20 id / * Pa! troilyt,e:esolution, determined quite

,xactly in another way with 0.0475.Qcm2 ,

['''i p-' ,s,< / // .'@.< : the remainder of 0.02SQ2cm2 is practical-

ly identical to the (dn/di) value of.

a /__ D / 0v- Zff 0..2.7Q2*cm :found in alternating current

measurements for n < - 62.5mV. Thus in

;,,e 2-4sv Ithe difference An, in addition to the

301 '; resistance over voltage nQ always de-

1it! $th _ -termined, there is also a determinable

_ Figure 10] portion of mean over voltage which, as

3 5 CFmparison of the (1)/WC2 - (1)/V a result of the high exchange current

straight Lines Measured in the density of about 0.9 A/cm2 in the cath-
Potential Range q < - 10.5mV otential Range n dic over voltage range investigated,

-is still linearly dependent on the

4crrent density. Finally Rp, measured at 20kHz, is introduced in Table 6 for

the total potential range investigated with the various h values. R (20kHz)

approximately represents, as is clear from Figure 5b, the discharge resistance

45 ==; dn/di). . The table shows that form +200mV Rp (20kHz) increases inten-

sively with increasing positive over voltage. This increase has already been /

explained by Dolan and Ersher [11] as caused by the decreasing coverage of the

5 pectrode surface with adsorbed H atoms as the over voltage rises. However, in

ther ange_n < +2,0QmV--,Rp -.2.0.kHzz)-remains--apprxxim-atelyc constant,_whi1e_ it-should

1.8e r-
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pIass through a minimum, on the assumption that,'the H ion discharge is possible

nly at vacant points of the surfaice,,[2-;]. -,andthen increase again. This indie:'

5 cates that the discharge of the H+ ions can also take place at occupied points.

In order to show how the discharge ,r esi in connection with a direct

current flux makes itself felt along with the diffusion resistance (dnd )/di [26]1

asn a function of potential, the numerical values of the quotient (r)/dnd/di. 

had been introduced in Table 7. For calculation of (dnd)/di equation T21)

~15 $ -j~~
~~~~~~15 ~ -~~' -- -' (21

was used with the experimental value of 730 A/cm2 for imeasured As can be

seen from the table, the discharge obstruction relative to diffusion becomes

2 0'cearer and clearer as the cathodi e olgencreases. A similar compariso

of r with the value (dq)/di, found from the inclination of the current voltage
r

curve, corresponding to our (dnd)./di, was carried out by Dolan, Ershler and
Frumkin [27] on platinum in ln-HC1 with n = 0. For the quotient (r)/dn)/d-i,

25125these authors found the value 4.55 10 2, while we f6un'd 1.7610 3 at . = 0.
Thus a relatively essentially smaller passage inhibition occured on our electrode:

W-ith our measurements an exchange current density of about 0.9A/cm2 in the range

30n< +200mV can be computed from R (20kHz). At the moment we are still not able

to distribute this numerical value into various discharge mechanisms according

% Volmerj [28] and Horiuti [29, 30]j.

35 _ A few tests were also carried out on platinum plated platinum.. Because of

he extraordinary small resistance valuesi, we had to limit our measurement to

he low frequency range (v < 280 Hz). Tle tests led to.,the result that; in

40 counterdistinction to smooth platinum, the impedance was determined at only in
:he range of positive but also of negative over voltages, predominately through

a large adsorption capacity which even increased somewhat wvith a drop in po-

45 ential. In accord with equation (9), it1 seems that considerable molecular

ydrogen, in addition to the atomic hydrogen in the cathode over voltage range,

was also adsorbed as a result of the much greater actual electrode in comparison

to the smooth platinum. The diffusion of the molecular hydrogen- does not be-

.-.qO come very noticable here, because only the much smaller geometric surface is
suitable for it.. I
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2. It is clear from the frequency

-resistance that R in the potential rang

conditioned by the adsorption capacity

-and the passage resistance r associated

diffusion of the H2 molecules also appe

-ing is the fact that the diffusion limi

_r > +50 mV, and thus the H2 concentrati2 

hT

r itF;igure 11. Current Voltage Curves
in the Potential Range n <1 O.

ncalculated nd; + = .A

!T'.-_ -d; Resistance overvoltage

Un (----), Mean overvoltage Ud

4. Summary

1. A description is given of

the test apparatus with which

scmdeasurements of the alternating cur

rent resistance R of direct current

polarized and activated platinum

electrodes were carried out in

8n-H2 j4rinsing_:

dependence of the alternating current

+50 mV 6< nr < +400 mV, i.s essentially

2' affected by a certain loss angle,
with it in series. For in < +50 mV.the

ars. In correspondence with this find-

ting current is practically reached with

!n disappears.

3. The potential dependence of C2 shows that the covering of the elec-

-trode surface with adsorbed atomic hydrogen at n < --10.5 mV is already tending

toward saturation. The covering curve, obtained by graphic integration of C

-(nk) across nk, agrees very well with what was found by Voelkl [16] in another

way.

4. In the potential range n 6 -10 5 mV, the alternating current resistanc

-is determined only by the H2 diffusionand the H ion discharge, since C2

practically disappears as a consequence of the almost completely obtained

EvenEven Roman
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-coverage. In counterdistinction to dislcharge, the influence of diffusion

constantly-recedes as the overvoltage.
Page One Title

5 5. The diffusion overvoltagend can be computed from the inclinlation

-of the 1/IC2 - 1/ -W straight Clnesi-neth-' tPOtential range n. -10.5 mV and

-the C - t(1)/ V lines for -10.5 mV < n < +50 mV according to the Nernst

10 -equation E form molecular hydrogen. Because of the beginning of blister forma-

-tion, nd approaches a limiting value at around nd = -70 mV. The difference

-between the calculated and measured overvoltage is approximately proportional

_to the current density and can be divided quantitatively into portions of re-
15

sistance overvoltage nq and passage oveirvoltage nd. The estranged current

-density of the latter amounts to about 0.9 A/cm2 for cathodic overvoltages.

6. The frequency dependenceeof FthLe restistance components in the total
20 e ov Fde Ouce

overvoltage area investigated confirms the fact that the H2 combining equilib-

_rium was practically standardized for the electrodes investigated. In spite

of the saturation of the surface with adsorbed atomic hydrogen, no cathodic

25 _limiting current appears. 4"

7. The potential dependence of the resistance R (20 kHz), which repre-
PI 

-sents a measurement for discharge inhibition, shows that the discharge of the

30 _H ions takes place with relatively little inhibition not only on free, but

-also on occupied points of the surface;

This work was carried out with the support of the German Research Associa-

35 _tion. One of the authors (H. Kammermaier) is grateful to the Battelle Memorial

-Institute for Germany for granting a research stipend.

40

45

NA A
50

2Even Roman Odd
Even Roman Odd

'I

i

iI



P a MR.E FEREN IC'ES e

-1. Kammrmaier, H., DissertateioizXrTech-niciatll University, Munich, 1955.
-2. Opitz, G., Hichfrequenztcchn u. Ellktroakust, Vol. 49, p. 52, 19,37.
-3. Gerischer, H., Z. EZektrochem. Ber! Bunsenges. physik. Chem., Vol. 59,

10 - p. 9, 1954. 1
-4. Elmore, W. C. and M. Sands, EZectronics, New York, p. 99, 1949.
-5. Breiter, M., H. Kammermaier and C.IA. Knorr, Z. EZektrochem. Ber. Bunsenges

physik. Chem., Vol. 58, p. 702,1Figure 2, 1954.
-6. De Boer, J. H., "Electron Emissions and Adsorption Phenomena," Leipzig,

15 p. 46, 1937.
-7. Grahame, D. C., J. EZectrochem. Soc., Vol. 99, p. 370, 1952.
-8. Gerischer, H., Z..physik. Chem., Vbl. 198, p. 28, 1951; Vol. 201, p. 55,
- 1952; N. F. p. 278, 1954.
-9. Warburg, E., Ann. Physik, Vol. 6, p. 125, 1901.
-10. Krueger, F., Z. physik. Chem.,r VoSalJ. 445, 4u5Pel, 1903·
-11. Dolin, P. and B. Ershler, Acta Physiocochim., USSR, Vol. 13, p. 747, 1940.
-12. Eucken, A. and B. Weblus, Z. EZektrochem. angew. physik. Chem., Vol. 55,
- p. ,114, 1951.
-13. Wicke, E. and B. Weblus, Z. EZektrochem. Ber. Bunsenges, physik. Chem.,
-25 Vol. 56, p. 169, 1952.
-14. Breiter, M., C. A. Knorr and R. Meggle, Z. ElZ'ektrochem. Ber. Bunsenges,

physik. Chem., Vol. 59, p. 153, 1955. 1 .. -

-16. Breiter, M., C. A. Knorr and W. Vollkl, Z. E lektrochem. Ber. Bunsenges.
30 - physik. Chem., Vol. 59, p. 681, 1955. 

-17. Frumkin, A. and A. Slygin, Acta physicochim. URSS, Vol. 3, p. 791, 1935.arnd
- and Vol. 4, p. 911, 1936.
-18. Ershler, B., Acta physicochim. URSS, Vol. 7, p. 327, 1938.
-19. Pearson, J. D. and J. V. Butler, Trans. Faraday Soc., Vol. 34, p. 1163,
- 1938.

35 20. Frumkin, A., P. Dolan and B. Ershl r, Acta physicochim. URSS, Vol. 13, p.
- 793, 1940.
-21. Temkin, M., J. physik. Chem., Vol. 15, p. 296, 1941.
-22. Randles, E. B., Discuss. Faraday S3c., Vol. 1, p. 11, 1947.
-23. Ershler, B., Discuss. Faraday Soc.1 Vol. 1, p. 269, 1947.
-24. Clamroth, R., and C. A. Knorr, Z. EZektrochem. Ber. Bunsenges. physik.
- Chem., Vol. 57, p. 399, 1953.
-25. Breiter, M. and R. Clamroth, Z. EZektrochem. Ber. Bunsenges. physik.

Chem., Vol. 58, p. 493, 1954: e!g., equation (46).
-26. Gerischer, H., Z. EZektrochem. angew. physik. Chem., Vol. 55, p. 98, 1951.
4 27. Dolin, P., B. Ershler and A. Frumk n, Acta physicochim. URSS, Vol. 13,
_ p. 779, 1940.

NAA
50

F ,1 23
Even Roman Odd

1



28.
29.

30.

Volmer, M. and T. Erdey-Gruz, Z. physik, Chem., Vol. 150,p. 203,. 1930.
Horiuti and G. Okamoto, Sci. Pap. Izst. physic. chem. Res., Tokyo, Vol. 28,

p. 231, 1936- Page On, Title
Vetter, K. J., Z. Elcktrochem. Ber. Bunsenges. physi,. Chem., Voll 59,

p. 435, 1955-

Cover Pa e Title

Translated for the National Aeronautics and Space Administration under contract
No. NASw-2037 by Techtran Corporation, P. O. Box 729, Glen Burnie, Maryland
21061, translator: Lawrence W. Murphy, Ph.D. .' 

Cover Pa e Source

NA A

Even4
Even

Roman
Roman Odd

5

15

20

30

35

50
_ ~~~~~~~~~~~~~~~~~~~~~~~~~ __ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~_I~~~~~~~~~~~~~~~


